Recent, convergent evidence places the anterior thalamic nuclei at the heart of diencephalic amnesia. However, the reasons for the severe memory loss in diencephalic amnesia remain unknown. A potential clue comes from the dense, reciprocal connections between the anterior thalamic nuclei and retrosplenial cortex, another region vital for memory. We now report a loss of synaptic plasticity [long-term depression (LTD)] in rat retrosplenial cortex slices months following an anterior thalamic lesion. The loss of LTD was lamina-specific, occurring only in superficial layers of the cortex and was associated with a decrease in GABA Amediated inhibitory transmission. As retrosplenial cortex is itself vital for memory, this distal lesion effect will amplify the impact of anterior thalamic lesions. These findings not only provide novel insights into the functional pathology of diencephalic amnesia and have implications for the aetiology of the posterior cingulate hypoactivity in Alzheimer's disease, but also show how distal changes in plasticity could contribute to diaschisis.
Introduction
While the critical pathology responsible for diencephalic amnesia remains to be fully resolved, the dense projections from the mammillary bodies to the anterior thalamic nuclei complex have emerged as the leading candidate. Only damage to the mammillothalamic tract, which disconnects the anterior thalamic nuclei from the mammillary body afferents, consistently predicts those thalamic strokes that cause amnesia (Von Cramon et al., 1985; Clarke et al., 1994; Van der Werf et al., 2000 . Likewise, atrophy of the mammillary bodies best predicts the loss of episodic memory in patients with surgical removal of colloid cysts (Tsivilis et al., 2008) . Furthermore, stereological analyses of the amnesic Korsakoff's syndrome most strongly implicate the anterior thalamic nuclei (Harding et al., 2000) , although mammillary body atrophy is present in all cases (Victor et al., 1971) .
Theories as to why the anterior thalamic nuclei might be vital for memory have typically focussed on their reciprocal connections doi:10.1093/brain/awp090 Brain 2009: 132; 1847 -1857 | 1847 with the hippocampus (Delay and Brion, 1969; Aggleton and Saunders, 1997) but the anterior thalamic nuclei are also densely interconnected with the retrosplenial cortex (Vogt et al., 1987; Van Groen et al., 1993; Van Groen and Wyss, 2003) . Damage to the retrosplenial region also appears sufficient to induce anterograde amnesia (Valenstein et al., 1987; Rudge and Warrington, 1991; Yasuda et al., 1997; Maguire, 2001) suggesting that if anterior thalamic damage impairs retrosplenial cortex function then there might be an additional explanation for memory loss in diencephalic amnesia (Aggleton, 2008) . The novel proposal that anterior thalamic lesions have hidden, disruptive effects on retrosplenial functions which normally support memory receives initial support from disconnection studies in rats (Sutherland and Hoesing, 1993) as well as the finding that anterior thalamic lesions block the development of training-induced plasticity in the retrosplenial cortex (Gabriel et al., 1983 ).
The present study tested the specific hypothesis that anterior thalamic lesions impair retrosplenial cortex function by disrupting synaptic transmission and synaptic plasticity within the superficial laminae of the cortex. This hypothesis arose from the discovery that anterior thalamic lesions in rats cause a dramatic loss of immediate-early gene expression in the superficial lamina of granular retrosplenial cortex (Jenkins et al., 2004) , even though there are no overt cellular changes (Van Groen et al., 2003; Jenkins et al., 2004) . In this study, we therefore made unilateral anterior thalamic lesions and compared the status of the retrosplenial cortex on the side ipsilateral to the thalamic lesion ('lesioned') with the status of the contralateral ('intact') cortex of the same rat. This approach takes advantage of the fact that the thalamic outputs to retrosplenial cortex are entirely ipsilateral (Van Groen et al., 1993) . A key, novel feature of the present study was the use of retrosplenial cortex slices. This method allows for the detailed analyses of indices of synaptic transmission and plasticity measured in the granular retrosplenial cortex of rats that had received thalamic lesions weeks previously. A further advantage of the slice preparation is that lesion-associated abnormalities cannot be due to the absence of thalamic inputs at the time of recording, since both hemispheres will now be disconnected.
The present study found a loss of long-term depression (LTD) specifically in superficial layers of granular retrosplenial cortex ipsilateral to the anterior thalamic lesion. This loss of synaptic plasticity reveals hidden, distal effects of anterior thalamic pathology likely to exacerbate dysfunctions due to anterior thalamic loss.
Methods Subjects
All experiments were conducted in male pigmented Dark Agouti rats (DA strain, Bantin and Kingman, Hull UK, weighing 200-250 g at the start of the experiments). The animals were housed, in groups of four, under a 12-h/12-h light/dark cycle (light phase 18:00-6:00 h). Food and water were available ad libitum throughout. All animal procedures were performed in accordance with the United Kingdom Animals Scientific Procedures Act (1986) and associated guidelines. All efforts were made to minimize any suffering and the number of animals used.
Lesion methodology
Each rat was anesthetized with isoflurane (induction 4%, maintenance 2-3%) and then placed in a stereotaxic headholder (David Kopf Instruments, Tujunga, CA, USA) with the nose bar at +5.0. The scalp was then cut and retracted to expose the skull. Craniotomies were then made directly above the target regions and the dura cut to expose the cortex. Unilateral excitotoxic lesions of the anterior thalamic nuclei were made by injecting 0.15 ml of 0.09 M N-methyl-D-aspartic acid (Sigma Chemical Company Ltd., Poole, UK) dissolved in phosphate buffer (pH 7.2) through a 1 ml Hamilton syringe into three sites in the hemisphere. Each injection was made gradually over a 5-min period and the needle was left in situ for a further 5 min before being withdrawn. The stereotaxic coordinates relative to ear-bar zero were: (i) AP + 5.2, LAT AE 1.0, DV À6.2 below the top of the cortex; (ii) AP + 5.2, LAT AE 1.7., DV À5.6 below the top of the cortex; and (iii) AP + 4.5, LAT AE 2.3, DV À5.0 below the top of the cortex. Contralateral sham control lesions were made using the identical procedure described above but in these cases the injection needle was lowered to the level of the anterior thalamic nuclei and then removed.
At the completion of surgery the skin was sutured and an antibiotic powder ('Acramide', Dales Pharmaceuticals, Skipton) applied. All animals then received 5 ml saline (s.c.). Postoperative care also included systemic analgesia (0.05 ml Temgesic, Reckett and Colman, UK).
Working memory was not examined in these animals since bilateral anterior thalamic lesions, but not unilateral anterior thalamic lesions, are required to disrupt working memory (Jenkins et al., 2002a) 
Lesion histology
Following slicing of the retrosplenial cortex for electrophysiology, the remainder of the brain was post-fixed in paraformaldehyde for a minimum of 48 h before being transferred to 30% sucrose in 0.2 M phosphate buffer and left for 48 h. Coronal sections were cut at 50 mm on a cryostat and alternate sections stained with cresyl violet and for NeuN to examine the extent and any effects of anterior thalamic lesions.
Slice preparation and electrophysiology
Dark Agouti rats were anaesthetized and decapitated 8-10 weeks post lesion. Retrosplenial slices were prepared in the following manner. The anterior portion of the brain was removed and then the exposed surface glued on to a Vibratome block. Coronal sections were then taken until the retrosplenial cortex was exposed and 400 mm slices were prepared. The remaining tissue was then fixed in 4% paraformaldehyde for subsequent immunohistochemistry to identify the extent of the anterior thalamic lesion. Whole-cell recordings were performed in layer II of the retrosplenial granular b (RGb) cortex, except in a subset of experiments in which recordings were from layer V. Stimulating bipolar electrodes were placed in layer II of RGb either side of the recording electrode. Cells were voltage clamped at À70 mV and stimuli were given to alternate inputs at 0.033 Hz. LTD induction consisted of (in mM) 450 stimuli at 1 Hz paired with depolarizing the cell to À40 mV. ACSF consisted of (in mM) NaCl, 124; KCl, 3; NaHCO 3 , 26; NaH 2 PO 4 , 1.25; CaCl 2 , 2; MgSO 4 , 1; D-glucose, 10. The whole-cell solution consisted of (in mM) CsMeSO 4 , 130; NaCl, 8; Mg-ATP, 4; Na-GTP, 0.3; EGTA, 0.5; Hepes 10; QX-314, 6. For NMDA/AMPA ratio measurements AMPA excitatory postsynaptic currents (EPSCs) were recorded at À70 mV, while NMDA EPSCs were recorded at + 40 mV in the presence of 5 mM NBQX and 50 mM picrotoxin. For GABA/AMPA ratio measurements AMPA EPSCs were recorded at À70 mV, while GABA inhibitory postsynaptic currents (IPSCs) were isolated at À40 mV in the presence of 5 mM NBQX and 50 mM D-AP5. All drugs were obtained from Tocris UK. N signifies the number of times a given experiment was performed, with each experiment using a slice from a different rat.
In a wide-ranging series of experiments, we attempted to induce long-term potentiation (LTP) in slices of retrosplenial cortex from normal animals using the following protocols. With whole cell recording we depolarized cells to 0 mV and delivered: 60 stimuli at 0.5 Hz, 100 stimuli at 2 Hz, 200 stimuli at 1 Hz, 100 stimuli at 100 Hz and four trains of 100 stimuli at 100 Hz. In addition, with cells depolarized to À40 mV we delivered two trains of 100 stimuli at 100Hz, three trains of 100 stimuli at 100 Hz and four trains of 100 stimuli at 100 Hz. On no occasion was LTP induced with any of the above protocols (n = 3-5). Therefore, in this study, only LTD was examined to test effects of anterior thalamic lesion on synaptic plasticity.
Results

Homosynaptic NMDAR-dependent LTD in retrosplenial cortex
Whole-cell recordings were used to monitor synaptic transmission in slices of granular retrosplenial cortex from normal, non-lesioned animals. AMPA receptor-mediated EPSCs were recorded from neurones in layer II and evoked by stimulation delivered alternately to two electrodes placed within the same layer and either side of the recording electrode. After obtaining a stable baseline, conditioning stimulation (450 stimuli, 1 Hz paired with depolarization to À40 mV) delivered via one stimulating electrode, resulted in LTD of synaptic transmission (depression to 69 AE 3%, n = 7, P50.01; Fig. 1A ). LTD was homosynaptic; there being no effect on transmission evoked by the second stimulating electrode (101 AE 3%, n = 7, P40.05; Fig. 1A ). LTD under these conditions was NMDAR-dependent, being blocked by AP5 (97 AE 4%, n = 3, P40.05; Fig. 1B ).
No differences in AMPA or NMDA transmission in retrosplenial slices following anterior thalamic lesion Taking advantage of the fact that the connections from the anterior thalamus to the retrosplenial cortex are ipsilateral (Van Groen et al., 1993) , we made unilateral lesions in anterior thalamic nuclei. Therefore, we are able to examine subsequently, from the same brain (8-10 weeks post lesion), synaptic transmission and LTD in retrosplenial cortex slices both ipsilateral (test) and contralateral (control) to the anterior thalamic lesion. The photomicrograph in Fig. 2A shows a typical a typical anterior thalamic lesion and the maximum and minimum extent of the lesions is shown in Fig. 2B .
We first examined if there were any differences in AMPARmediated EPSCs between retrosplenial cortex that was ipsi-or contra-lateral to the anterior thalamic lesion. Thus we measured the amplitude of pharmacologically isolated AMPA EPSCs as a function of stimulus intensity and found no difference between ipsi-and contra-lateral retrosplenial slices (P40.05, n = 7, control: À176 AE 14 pA, lesion: À158 AE 20 pA; expressed at 70% maximum, Fig. 3A) . Furthermore, there were no differences between Contralateral: 24.7 AE 5.5 ms, Ipsilateral: 27.6 AE 1.9 ms, P40.05; n = 7 for both, Fig. 3A) . Thus, there appears to be no overt pathological effect of anterior thalamic lesion on fast glutamatergic synaptic transmission in the retrosplenial cortex.
We next examined if there were any effects of anterior thalamic lesions on NMDAR-mediated EPSCs in the retrosplenial cortex. We measured the amplitude of NMDA and AMPA EPSCs and expressed this as an NMDA/AMPA ratio. However, we found no significant difference in NMDA/AMPA ratios between retrosplenial slices ipsi-and contra-lateral to anterior thalamic lesions (Contralateral: 0.35 AE 0.03, Ipsilateral: 0.4 AE 0.05, P40.05, n = 5; Fig. 3B ). Thus, there appears to be no overt pathological effect of anterior thalamic lesion on either AMPA or NMDAR-mediated glutamatergic synaptic transmission in retrosplenial cortex.
Effects of anterior thalamic lesion on short-term plasticity
There was a small but significant decrease in paired pulse ratio (PPR) of AMPA EPSCs in slices ipsilateral to the lesion compared with contralateral to the lesion with paired pulse intervals of 50 or 100 ms (50 ms: ipsilateral 0.77 AE 0.05, contralateral 0.96 AE 0.07, P50.05. 100 ms: ipsilateral 0.76 AE 0.04, contralateral 0.98 AE 0.07, P50.05. n = 14 ipsilateral and n = 12 for contralateral, Fig. 4A ). In contrast no such difference was observed with paired pulse intervals of 200 or 400 ms (200 ms: ipsilateral 0.83 AE 0.07, contralateral We next investigated effects of anterior thalamic lesions on synaptic transmission in the retrosplenial cortex during low frequency stimulation (LFS; 1 Hz). A total of 450 stimuli were delivered at 1 Hz to retrosplenial slices ipsi-or contra-lateral to the anterior thalamic lesion. The results of these experiments show that there was no difference (P40.05, repeat measures ANOVA) between the ipsilateral (n = 10) and contralateral slices (n = 4) in the depression of transmission during low frequency stimulation (Fig. 4B) .
Lamina-specific loss of LTD in retrosplenial cortex following anterior thalamic lesion
We next examined whether anterior thalamic lesions affect synaptic plasticity within the superficial layers of granular retrosplenial cortex by examining effects on LTD. Conditioning stimulation failed to induce LTD in retrosplenial slices ipsilateral to the lesion (105 AE 4%, n = 10, P40.05; Fig. 5A ). In contrast, however, LTD was induced in the retrosplenial cortex contralateral to the anterior thalamic lesion (74 AE 4%, n = 6, P50.01, Fig. 5B ). These data show that deafferentation from the anterior thalamus has a It has been shown previously that anterior thalamic lesions largely eliminate learning-induced c-Fos and Zif268 expression in the superficial (lamina II and III) but not deep layers of granular retrosplenial cortex (Jenkins et al., 2004) . To determine whether the loss of synaptic plasticity in retrosplenial cortex following anterior thalamic lesion was similarly lamina-specific, we next examined the induction of LTD in layer V of the retrosplenial cortex. In contrast to the complete loss of LTD in ipsilateral layer II (Fig. 5A) , robust LTD was induced in ipsilateral layer V of retrosplenial cortex slices (63 AE 5%, n = 6, P50.05, Fig. 5C ). These results demonstrate a loss of LTD in retrosplenial cortex in superficial but not in deep layers, so matching the laminar distribution of expression of immediate-early gene loss in retrosplenial cortex following lesion of the anterior thalamus (Jenkins et al., 2004) .
Anterior thalamic lesion results in a decrement in GABA A transmission in retrosplenial cortex
We investigated whether there were any effects of anterior thalamic lesion on GABAergic IPSCs by recording pharmacologically isolated dual component AMPA EPSCs/GABA A IPSCs. The amplitude of AMPA EPSCs and GABA A IPSCs were expressed as a GABA/AMPA ratio. The analysis takes advantage of the fact that AMPA EPSCs did not change (Fig. 3) as a control against which to examine any changes in GABA A IPSCs. This analysis uncovered a marked decrease (n = 7, P50.05; Fig. 6A ) in GABA A IPSC amplitude in retrosplenial slices ipsilateral to the anterior thalamic lesion (GABA/AMPA: 0.39 AE 0.07), compared with that in control slices contralateral to the lesion (GABA/AMPA: 0.62 AE 0.07).
To examine whether a decrease in GABA A inhibition may lead to the loss of LTD, retrosplenial slices from normal, non-lesioned animals were taken. A submaximal concentration of the GABA A antagonist picrotoxin (1 mM) was used to reduce GABA A IPSCs amplitude (Newland and Cull-Candy, 1992 ). In the presence of picrotoxin there was a complete block of LTD (98 AE 3%; n = 5, Fig. 6B ). Thus a reduction of GABA A inhibition in normal retrosplenial slices can result in a loss of LTD, mimicking the findings in the retrosplenial cortex following anterior thalamic lesion.
Discussion
The data show for the first time that there is a loss of synaptic plasticity (LTD) in retrosplenial cortex following a distal lesion in the anterior thalamus. The loss of LTD was not associated with effects on basal NMDA or AMPA receptor-mediated transmission but was associated with a decrease in GABA A transmission. While there is other evidence that normal functioning of the retrosplenial cortex, including its contributions to memory, rely on the integrity of the anterior thalamus (Gabriel et al., 1983; Sutherland and Hoesing, 1993; Jenkins et al., 2002a Jenkins et al., , b, 2004 ) the nature of this interdependency is unknown. The present demonstration of a loss of retrosplenial synaptic plasticity following anterior thalamic lesions not only helps to explain this interdependency but also reveals how a lesion in one site can have hidden, disruptive effects in other regions even when these other regions might appear normal by standard histological measures (Vogt et al., 1987; Van Groen et al., 1993) . These findings have direct implications for our understanding of diaschisis; they also highlight a tight relationship between two areas that are each relevant to memory Figure 4 Anterior thalamic lesion and short-term plasticity.
(A) A small decrease in PPR at 50 and 100 ms paired pulse interval, but not 200 and 400 ms paired pulse interval, is associated with anterior thalamic lesion. (B) There was no effect from an anterior thalamic lesion on low frequency stimulation-induced short-term plasticity in the retrosplenial cortex.
function and are also known to be abnormal in very early Alzheimer's disease.
The main forms of long-lasting synaptic plasticity are long-term potentiation (LTP) and LTD and the mechanisms underlying these forms of plasticity are considered as potential mechanisms important in different forms of learning and memory (Martin and Morris, 2002; Kemp and Manahan-Vaughan, 2007; Massey and Bashir, 2007) . We were unable to induce long-term potentiation in normal retrosplenial slices (data not shown; see Methods section) but LTD was induced in both superficial and deep layers of retrosplenial cortex and therefore for the purposes of the present work, we focused our attention on LTD. Our results from normal slices show some differences to a previous report suggesting that longterm potentiation and LTD could be induced in deep layers but neither long-term potentiation nor LTD could be induced in superficial layers of this cortex (Hedberg and Stanton, 1995) . The reasons for these differences are not known.
The finding of a loss of synaptic plasticity (LTD) in superficial, but not deep, layers following anterior thalamic lesion closely parallels the previously reported lamina-specific decreases in immediate-early gene expression (Jenkins et al., 2004) after anterior thalamic lesions. Repeated studies have shown that anterior thalamic nuclei lesions produce long-term reductions in both Zif268 and c-Fos activity levels (580%) that are most striking in layers II and upper layer III (Jenkins et al., 2002a (Jenkins et al., , b, 2004 . These immediate-early gene changes last for at least 10-months post surgery (Jenkins et al., 2004) and are not specific to the strain of rat (Poirer and Aggleton, 2008) or lesion technique [which includes the same neurotoxin lesion method used in the present study (Jenkins et al., 2004) ]. These distal lesion effects are not, however, accompanied by obvious alterations in the appearance of the retrosplenial cortex, as determined by standard histological techniques (Vogt et al., 1987; Van Groen et al., 1993) or counts of Nissl-stained cells (Jenkins et al., 2004) . Thus, the close laminar association between the observed immediate-early gene changes and the loss of LTD in the present study suggests that the latter is also likely to be long-lasting and a consistent consequence of anterior thalamic damage. Furthermore, these effects may help to explain the loss of spatial memory (Aggleton et al., 1996; Byatt and Dalrymple-Alford, 1996 ) associated with bilateral anterior thalamic lesions. In the present study, behavioural tests of memory were not performed since it has been shown previously that unilateral (as opposed to bilateral) anterior thalamic lesions do not consistently impair tests of spatial memory (Warburton et al., 2001) .
Previous data have reported that NMDA receptor antagonism can result in disinhibition-induced excitotoxicity within the retrosplenial cortex (Li et al., 2002) . However, we demonstrate that, http://brain.oxfordjournals.org/ despite the loss of synaptic plasticity that we observed, the cortex appears normal when measuring AMPAR-mediated synaptic transmission and when using standard histological methods (Van Groen et al., 2003; Jenkins et al., 2004) . We also measured short-term plasticity of AMPA EPSCs and found a decrease in PPR, measured at 50 or 100 ms, in slices ipsilateral to the lesion, indicating a possible increase in release probability. The reasons which might lead to a change in release probability following anterior thalamic lesion are not known. However, it is unlikely that such a change could result in the loss of LTD; if anything, synapses with a higher release probability are more likely, rather than less likely, to undergo induction of LTD. In addition, we also measured AMPA EPSCs during low frequency stimulation: these are important data since low frequency stimulation is the protocol used to induce LTD. Any loss of synaptic transmission during low frequency stimulation would provide a possible mechanism for the loss of LTD in slices ipsilateral to the anterior thalamic lesion. However, that there was no difference between slices ipsilateral or contra-lateral to the lesion from the effects of low frequency stimulation on AMPA EPSCs suggests that action potential failure or other changes in AMPA transmission do not underlie the loss of LTD. Given that LTD is NMDAR-dependent, a change in NMDAR activity following anterior thalamic lesion would provide the most likely explanation for the loss of plasticity. However, we demonstrate that NMDAR-mediated EPSCs are not affected by anterior thalamic lesion in the retrosplenial cortex, thus such a mechanism is unlikely to explain our findings concerning LTD.
We found a decrement in GABA A IPSCs in the retrosplenial cortex following anterior thalamic lesion. In line with the decrease in GABA A transmission in this study, there is evidence that anterior thalamic lesions produce in the retrosplenial cortex transcriptome alterations in neurotransmission-related gene expression, including GABAergic (gabrd, ubiquilin 1), serotonergic (5HT-2C) and adrenergic (adrb3) activity (Poirier et al, 2008) . In contrast, Poirier et al. (2008) found no evidence for alterations in NMDA or AMPA-receptor transcript changes, again in line with the results of the present study. In addition, that pharmacologically decreasing GABA A transmission in normal retrosplenial slices also produced a loss of LTD suggests it is entirely possible that the decrease in GABA inhibition may be responsible for the loss of LTD. However, the precise mechanism by which the decrease in GABA A inhibition might result in a loss of LTD still remains to be determined. One scenario is based on the fact that the dendrites of the layers II and III of the retrosplenial cortex interneurons (Li et al., 2002) are physically associated with those of cells receiving anterior thalamic projections (Ichinohe and Rockland, 2002) . Disruption of GABA A inhibition in superficial laminae might dysregulate synaptic plasticity and hence retrosplenial output, as proposed by Hedberg et al. (2000) . This would lead to disruption of the normal role of the retrosplenial cortex in signal integration, processing and transmission and therefore learning and memory (Finch et al., 1984; Wang et al., 1999; Yoshimura et al., 2005 Yoshimura et al., , 2007 .
Evidence that anterior thalamic lesions can lead to dysregulation of the expression of immediate-early genes in the retrosplenial cortex (Jenkins et al., 2002a (Jenkins et al., , b, 2004 , disturb the retrosplenial transcriptome (Poirer et al., 2008) and alter electrophysiological responsiveness (Gabriel et al., 1983) all reveal the potential importance of these thalamic interactions. One example is that these changes may contribute to the memory deficits associated with bilateral anterior thalamic lesions (Clarke et al., 1994 ; Aggleton and Brown, 1999; Van der Werf et al., 2000 . In all of the studies referenced above (Gabriel et al., 1983; Jenkins et al., 2002a Jenkins et al., , b, 2004 Poirer et al., 2008) , the observed changes could, however, merely reflect the loss of afferents which might normally be required concurrently for the responses under investigation; that is, the changes are an inevitable consequence of the disconnection of afferent information. The situation in the present study is, however, radically different. By using in vitro slices ipsilateral and contralateral to the lesion it can be confirmed for the first time that the functional pathology is not merely due to the absence of concurrent thalamic inputs that would normally drive these cortical changes. Consequently the retrosplenial changes are due to the anterior thalamic lesion itself. Future studies will be required to confirm that similar effects on retrosplenial cortex activity following anterior thalamic lesion are also observed in vivo.
The notion that distal damage can have covert pathological effects on cortical function has a long history. The most influential concept is that of 'diaschisis' (Von Monokow, 1911; Baron et al., 1992; Finger et al., 2004) , which attempted to explain the slow recovery in function that may often follow trauma. While the diaschisis model (Finger et al., 2004) has typically emphasized transient disruptions for example from oedema and changes in blood flow, Von Monokow (1911) also supposed that some remote diaschisis effects could be very long-lasting ('diaschisis protractiva'). The present study provides unique insights into this concept as the loss of retrosplenial plasticity not only appears to be long-lasting but, more importantly, cannot simply be ascribed to the loss of specific afferent information that is normally required to drive retrosplenial plasticity. In the present protocol the local cortical circuits appear intact, and slice tissue from the intact and 'lesioned' hemisphere receive the same input stimulation to drive plasticity. Consequently, the present study provides unusually strong support for the contentious notion of 'covert' or 'hidden' pathology in memory related areas (Bachevalier and Meunier, 1996; Squire and Zola, 1996) .
An important resulting question is whether anterior thalamic damage might have similar disruptive effects upon the human retrosplenial cortex (areas 29, 30). Evidence from both PET and fMRI studies of diencephalic amnesia shows that hypoactivity in the retrosplenial/posterior cingulate region is typical (Fazio et al., 1992; Joyce et al., 1994; Paller et al., 1997; Reed et al., 2003) . In all of these studies, the patients are very likely to have suffered pathology in the mammillary body-anterior thalamic system. While it is not possible to determine whether the retrosplenial changes seen in these patients include a loss of plasticity, the implication is that such a retrosplenial dysfunction is a potential feature of diencephalic amnesia that could contribute to the pattern of cognitive deficits.
A closely related issue is whether anterior thalamic atrophy contributes to the retrosplenial hypometabolism that is repeatedly found in Alzheimer's disease (Minoshima et al., 1997; Nestor et al., 2003a, b; Villain et al., 2008) . This is a pertinent question as anterior thalamic pathology occurs in the early stages of Alzheimer's disease (Braak and Braak, 1991a, b; Nestor et al., 2003b) and early atrophy also occurs in the cingulum bundle (Zhang et al., 2007; Villain et al., 2008) , the tract that conveys the projections from the anterior thalamus to the retrosplenial cortex. Broader interest in this question stems from the fact that the retrosplenial cortex is often the first site to show hypometabolism in Alzheimer's disease, as demonstrated by PET studies of Mild Cognitive Impairment cases which progress to dementia (Nester et al., 2003a, b) . These same studies, along with comparisons from PET studies of semantic dementia (Nestor et al., 2003a (Nestor et al., , b, 2006 , also strongly point to hypometabolism in the mammillary body-thalamic-posterior cingulate circuit as being directly related to the characteristic loss of memory in Alzheimer's disease and mild cognitive impairment. All of these findings, therefore, reinforce the need to understand how anterior thalamic pathology might influence retrosplenial cortex function.
The notion that the retrosplenial/posterior cingulate hypometabolism in Alzheimer's disease is solely due to a disconnection from sites thought to atrophy prior to the retrosplenial cortex, such as the hippocampus or anterior thalamus (Chetelat et al., 2008; Villain et al., 2008) is, however, probably incorrect. Recent analyses have shown that retrosplenial atrophy can occur in the very early stages of the disease, and at a similar rate to hippocampal atrophy (Scahill et al., 2002; Pengas et al., 2009) . Furthermore, medial temporal lobe atrophy is not sufficient to induce a retrosplenial/posterior cingulate hypometabolism in semantic dementia, even though the extent of atrophy was comparable with that in Alzheimer's disease cases who did show retrosplenial hypometabolism (Nestor et al., 2006) . The implication is that pathological changes within the retrosplenial cortex are crucial. This reinterpretation does not, however, mean that anterior thalamic damage cannot add significantly to the pattern of retrosplenial dysfunction in Alzheimer's disease. Such a view is consistent with the growing evidence that anterior thalamic efferents play a critical role in supporting episodic memory, as well as the present loss of retrosplenial plasticity. Additional support for the notion that anterior thalamic pathology contributes to retrosplenial dysfunction in Alzheimer's disease comes from two recent gene expression studies, which have shown how there is a marked hypoactivity for energy metabolism genes in the retrosplenial region in both Alzheimer's disease (Liang et al., 2008) and in rats following anterior thalamic lesions (Poirier et al., 2008) .
